Abstract The 4 May 2018 (M w 6.9) earthquake offshore of Kilauea Volcano has raised concerns about potential impacts of locally generated tsunamis in Hawaii. Iterative inversion of global seismic observations guided by forward modeling of regional geodetic and tsunami records yields a self-consistent fault slip model to quantify the physical processes. This earthquake, similar to other large events in the area, is found to involve a shallowly dipping thrust fault, plausibly on the décollement between the island volcanic edifice and the old Pacific seafloor. The uplift and seaward displacement of Kilauea's south flank generate a tsunami that wraps around Hawaii Island, exposing all shores to direct arrivals and the interconnected insular shelves to resonating wave activities. The impact along the Hawaiian Islands can be categorized at three regional levels in terms of peak wave amplitude and arrival time with implications for tsunami hazards from future larger earthquakes and flank failures.
Introduction
An M w 6.9 earthquake struck the south flank of Kilauea Volcano, Hawaii Island on 4 May 2018 (22:32:54 UTC; 19.313°N, 154.998°W, depth 2.1 ± 3.6 km; U.S. Geological Survey [USGS] National Earthquake Information Center: https://earthquake.usgs.gov/earthquakes/eventpage/us1000dyad#executive). The rupture produced a modest, but well-recorded tsunami at water-level stations around the Hawaiian Islands (see Figure 1 for locations). The tsunami reached 0.36-and 0.11-m elevation at the Kapoho and Honuapo stations, maintained by the Pacific Tsunami Warning Center (PTWC), northeast and southwest of the epicenter, and À0.24 and 0.16 m at the Hilo and Kawaihae tide gauges around the island. The waves maintained 0.15-m amplitude at Kahului, Maui before rapidly reducing to 0.03 m at Honolulu, Oahu and 0.04 m at Nawiliwili, Kauai. The event, which was essentially a scaled-down version of the M w 7.7 Kalapana earthquake in 1975 (e.g., Ando, 1979; Furumoto & Kovach, 1979) , has reignited concerns about tsunamis from Kilauea flank deformation and the level of potential impacts along the island chain.
The 4 May 2018 earthquake occurred early in the 2018 Kilauea eruption sequence, the day after fissure eruptions commenced in Leilani Estates. The hypocenter is located immediately offshore of the East Rift Zone, and a point-source solution with northwestward 20°-dipping thrust faulting was determined by the USGS (https:// earthquake.usgs.gov/earthquakes/eventpage/us1000dyad#executive). The hypocenter and long-period faulting mechanism are similar to those of the 1975 Kalapana earthquake (e.g., Nettles & Ekström, 2004) , which induced significant coastal slumping and produced a much larger local tsunami (e.g., Gillard et al., 1996; Ma et al., 1999 Figure 1 . Location maps, digital elevation models, and nested computational grids. (top) Level 1 grid at 24-arcsec resolution and layout of level 2 and 3 grids. The orange and purple rectangles delineate level 2 grids at 3 and 6 arcsec, and the yellow color denotes level 3 grids at 3-arcsec resolution. (bottom panels) Level 3 and 4 grids at 0.3-arcsec resolution for harbors with tide stations. The red solid circle denotes the DART station, the open red circles represent tide and water-level stations, and the red star is the earthquake epicenter.
underlying the volcanic edifice (e.g., Furumoto & Kovach, 1979; Morgan et al., 2000) , but slumping may have contributed to the tsunami excitation (e.g., Day et al., 2005; Ma et al., 1999) . Such events have shown a pattern of recurrence. The great 1868 Kau earthquake in southern Hawaii Island is also thought to involve décollement rupture (Wyss, 1988) .
The 2018 event provides a valuable case study with well-recorded geophysical and hydrographic data sets to examine local tsunami hazards from seismic activities on the south flank of Kilauea Volcano. We reconstruct the earthquake source mechanism through finite fault inversion of global seismic waves guided by forward modeling of geodetic records on Hawaii Island and tsunami measurements along the island chain. The joint analysis, which takes advantage of the diverse spatial and temporal scales of the observations, can resolve the faulting geometry and slip distribution and account for the tsunami excitation (e.g., Bai et al., 2017; Heidarzadeh et al., 2016; Gusman et al., 2017; . The modeled tsunami allows examination of the propagation and attenuation of waves generated on southeast Hawaii Island to the rest of the island chain in support of emergency response planning.
Methodology
We utilize an iterative inversion and forward modeling approach to estimate the kinematic space-time history of fault slip for the 2018 Hawaii Island earthquake and the resulting tsunami along the Hawaiian Island chain. Long-period W-phase moment-tensor inversions (e.g., Kanamori & Rivera, 2008 ; Figure S1 in the supporting information) and fitting of long-period Love wave spectra provide initial estimates of the faulting geometry for the kinematic finite-fault inversions (e.g., Hartzell & Heaton, 1983; Lay et al., 2018; Ye et al., 2016 ; Text S1 in the supporting information). The very shallow source in this case results in variation of the estimated strike (226°to 240°) and dip (2.5°to 20°), so a range of model geometries is considered. We further constrain the fault dip to be in the range of 2.5°to 7.5°, adopting a preferred value of 7.5°, based on fitting of long-period Love wave radiation patterns, which are particularly sensitive to the fault dip ( Figure S2 ). Our broadband teleseismic data set of 79 P wave ground displacements and 43 SH wave ground velocities have limited resolution of the fault geometry and slip due to the small size of the event. Predicted surface displacements for each model using Okada (1985) are compared with coseismic Global Positioning System (GPS) displacements along the southeast shore of Hawaii Island to help constrain the fault geometry. The GPS data from continuously operating stations in the area were processed by the Nevada Geodetic Laboratory, the University of Nevada, Reno using JPL's GIPSY software and rapid orbit products. Automatically produced 5-min position time series were used to estimate coseismic offsets from 57 stations near the epicenter.
The promising fault slip models are used to define the kinematic seafloor deformation for modeling the tsunami waves at the PTWC Kapoho and Honuapo stations on the southeast shore fronting the tsunami source, as well as at DART 51407 at 4,771-m water depth off west Hawaii Island (see Figure 1) . Comparison with the recorded data provides additional guidance for refinement of the source parameters in a new round of finite fault inversions. The complex time functions in the subfaults are replaced by the cumulative moment, average rake, and total rise time for tsunami modeling. The nonhydrostatic model, NEOWAVE (Yamazaki et al., 2009; , is used to compute the tsunami generated by the seafloor motion and its propagation along the island chain. The shock-capturing finite difference model augments the nonlinear shallow-water equations with a depth-averaged vertical velocity term to describe nonhydrostatic flows over steep volcanic slopes and wave dispersion during propagation. The vertical velocity term also enables modeling of tsunami generation with a kinematic seafloor boundary condition derived from a finite-fault model and corrected for local slopes using the approach of Tanioka and Satake (1996) . These features are essential for modeling of near-field tsunami waves that are strongly influenced by the generation mechanism and the steep local bathymetry.
The tsunami modeling requires up to four levels of two-way nested spherical grids to resolve multiscale wave processes from the earthquake source to the coastal water-level stations. The digital elevation model includes multibeam, LiDAR, and hydrographic survey data sets with 1-to 50-m resolution. Figure 1 shows the level 1 grid with 24-arcsec (~740 m at Hawaii's latitude) resolution across the Hawaiian Islands and the layout of the nested grid systems. The level 2 grids resolve the insular slopes and shelves at 6 arcsec (~185 m) for Hawaii and Maui Islands and 3 arcsec (~92.5 m) for Oahu, Kauai, and Niihau. An intermediate level of grids brings the resolution of Hawaii and Maui Island's shores to 3 arcsec (~92.5 m). The tsunami signals at the Kapoho and Honuapo stations, which are located on rugged volcanic shores, are computed with this resolution due to the lack of detailed bathymetry in their vicinity. The finest grids at levels 3 or 4 cover 6 to 10 km of shorelines at Hilo, Kawaihae, Kahului, Honolulu, and Nawiliwili to capture the reefs and channels at 0.3-arcsec (~9 m) resolution for validation of the model results with the tide gauge signals. A Manning coefficient of 0.035 (s m À1/3 ) describes subgrid roughness for the nearshore reefs and the volcanic substrates of Hawaii (Bretschneider et al., 1986) .
The Earthquake and Tsunami Models
The preferred model in Figure 2 produces good matches to the teleseismic body waves with normalized residual waveform power of 0.20 ( Figure S3 ). The rupture duration is~34 s, and the kinematic rupture expansion speed is 1.5 km/s. The subfaults are 3 km × 3 km with durations of up to 13 s. The relatively low rupture expansion speed is needed even for the relatively long subfault durations largely due to the need for source compactness in matching the GPS and tsunami observations. The tsunami arrival time at Kapoho and the initial waveform at DART 51407, along with the azimuthal convergence in the GPS vectors (Figure 3d ), further constrain the along strike fault dimension to 39 km. The model is not able to reproduce the arrival time at Honuapo within the plausible range of fault dimensions likely due to the location of the sensor in a stilling well plagued by algae growth. Peak slip is about 3.8 m, with a large slip patch located from 3.7 to 6.4 km deep. The strike is 235°and the seismic moment M 0 is 8.7 × 10 19 Nm (M w 7.2). The moment magnitude is increased from the USGS estimate due to the shallower fault dip δ, as the excitation of long-period surface waves varies proportional to M 0 sin (2δ) for such a shallow dip-slip event (Text S2; Kanamori & Given, 1981) . The slip-weighted, average static stress drop for this model is 6.3 MPa using the method of Ye et al. (2016;  Figure S4 ). The corresponding radiated seismic energy and the moment-scaled value are E R = 4.3 × 10 14 J and E R /M 0 = 5.42 × 10 À6 ( Figure S5 ). The low rupture expansion velocity and moment-scaled radiated energy are similar to values for shallow, shallowly dipping tsunami earthquakes in subduction zones (e.g., Ye et al., 2016 ).
The preferred model has strong correlation with seismicity and geodetic observations on southeast Hawaii Island. Figures 3a and 3b show the large slip patch located offshore on the steep insular slope roughly parallel to the East Rift Zone and surrounded by foreshocks and aftershocks during 3 days before and 3 days after the M w 6.9 main shock. The slip distribution is similar to an inversion of teleseismic, strong motion, and GPS recordings by Liu et al. (2018) . The main foreshocks and aftershocks extend parallel to the shore along the active fissure distribution in the East Rift Zone, with secondary trends extending perpendicular to the shore southwest and northeast of the rupture zone. Sparse activity occurs along the updip boundary of the model. The area of large-slip has very low seismicity, as commonly observed for large subduction zone events (Wetzler et al., 2018; Yamazaki et al., 2018) . The seafloor vertical and horizontal displacements in Figures 3c and 3d fit the regional coseismic GPS static motions satisfactorily. The model results show subsidence of up to 0.5 m at the shore, uplift reaching 0.7 m on the insular slope, and seaward displacement of Kilauea's south flank by as much as 1.5 m. The corresponding time history of seafloor deformation defines the kinematic boundary condition for modeling of the tsunami.
Movie S1 in the supporting information illustrates the generation of the tsunami at the source and propagation around the Hawaiian Islands. The seafloor uplift and horizontal displacement on the steep slope generate a slightly oblong initial sea-surface pulse of~1-m amplitude, which, during its descent, splits into two nearly overlapping systems of radial waves. The compact initial pulse and the relatively large water depth give rise to notable nonhydrostatic characteristics of the resulting sea-surface motion with a deep downswing. The enduring oscillations generate a series of waves with decreasing amplitude from the source. The steep volcanic slope and the absence of a shelf facilitate onshore propagation of the tsunami and wrap-around of the waves to the west and northeast-facing shores before converging at the northern tip of Hawaii Island. At about the same time, the faster propagating offshore waves reach Maui Nui, the interconnected shelves of Maui, Molokai, and Lanai, from the north and south. The shallow shelves trap a significant amount of energy from the tsunami as standing edge waves, reducing its amplitude along the rest of the island chain to the northwest. The longer-period trapped waves over Maui Nui are leaked to Oahu via the 50-m deep Penguin Bank as seen in modeled tsunamis originating from the Pacific Rim (e.g., Munger & Cheung, 2008; Yamazaki et al., 2012) . The insular shelves of Kauai and Niihau are narrow and disconnected from the rest of the islands. The tsunami excitation is primarily from the offshore propagation, which is noticeably attenuated due to the distance from the source. Figure 4 compares the computed waveforms and spectra with the recorded signals at the DART, PTWC, and tide stations. The DART record is helpful in constraining the along-strike rupture dimension. The two radial wave systems from the source lead to the double-peak feature as seen in the computed and recorded initial arrivals around 0.35 hr. Increasing the along-strike fault dimension to the east or west or using a higher kinematic rupture expansion velocity leads to increased separation of the double peaks, degrading the fit to the record (see Figure S6 ). The large trough, which is influenced to a lesser extent by the shape of the uplift patch, is well accounted for by the nonhydrostatic computation. The arrival time at Kapoho provides a more direct constraint on the eastern extent of the model rupture. The slight mismatch of the computed initial peak is due to inadequate resolution of the nearshore bathymetry. The preferred model is validated using tsunami records from five tide gauges that were not used in its iterative refinement. The oscillations over the insular shelves of Hawaii are primarily governed by a series of resonance modes, as demonstrated by Cheung et al. (2013) . This is evident in the belated arrival of the peak-amplitude wave even at Hilo and Kawaihae immediately on the leeside of the source and the persistent oscillations at Kahului over Maui Nui. The good agreement between the computed and recorded signals over an extended duration indicates reproduction of the spectral content and phase in the tsunami excitation. The model also reproduces the initial arrivals at Honolulu and Nawiliwili in spite of the weak tsunami signals amidst comparable background oscillations.
The sea-surface elevation time series show significant variation of the tsunami waves along the island chain. Figure 5 plots the maximum elevation as well as the arrival time of the initial and largest peaks to provide insight into the local tsunami hazards. Southeast Hawaii Island is the hardest hit due to the direct approach and simultaneous reflection of the initial sea-surface pulse. The tsunami waves attenuate considerably along the shores outside the rupture zone. The wrap-around waves have secondary impacts on the west and northeast-facing shores of Hawaii Island. A similar level of impact extends to the shores of Maui, Lanai, and Molokai due to waves approaching from both sides of the island chain and trapping of edge waves. The nearshore wave amplitude reduces significantly on Oahu and Kauai leeward of Maui Nui, which acts as a trap of the tsunami waves propagating along the island chain (see Movie S1). The arrival time of the initial peak follows the celerity and travel distance. The results show near-instant arrival on southeast Hawaii Island due to the steep drop off and a slight delay along the island chain from the adjacent deep water caused by lower celerity on the insular shelves. The initial peak reaches all major Hawaiian Islands within an hour. The largest wave, however, can appear locally up to 4 hr after the earthquake. These belated peak arrivals occur mostly at locations with wide insular shelves due to constructive interference of trapped edge waves. Scattering of tsunami waves by seamounts also results in late arrival of the largest peak across the open ocean (Bai et al., 2015) .
Discussion and Conclusions
The 4 May 2018 Hawaii Island earthquake is a manifestation of the seaward sliding of the south flank of Kilauea. Injection of magma into the East Rift Zone clearly contributes to some pressure on the wedge of material driving the seaward displacement, but it is important to recognize that most of the magmatic injection (drained from the Kilauea summit) occurred after the earthquake. The topographic stress on the mountain, combined with an apparently weakly coupled décollement, also provides a mechanism for lateral spreading of the volcano flanks, particularly along the young southeastern side of the island. The 1975 Kalapana earthquake was much larger and not directly linked to simultaneous magma injection along the East Rift Zone, so triggering of large earthquake faulting on the décollement does not require additional synchronous forcing. The 2018 event may have actually enhanced the rifting, with extensional stress along the rift zone being increased by the seaward thrusting. While cause and effect can be debated, there seems to be no question that the earthquake is intrinsically related to the 2018 eruption sequence. There will likely be future events similar to the 1975 Kalapana earthquake and tsunami as the island flank accommodates further rifting.
A locally generated tsunami is of particular concern to emergency management agencies in Hawaii because of its short arrival time and unforeseeable amplitude along the island chain. The validated model results for the 2018 event provide a proxy to develop a response strategy for future tsunamis from the south flank of Kilauea. The tsunami impact along the Hawaiian Island chain can be categorized at three regional levels in terms of the peak wave amplitude and arrival time. The model results show highly localized and almost instantaneous impact along the southeast shore of Hawaii Island. The wave amplitude is significantly reduced to a similar level for the west and northeast shores of the island and for Maui, Lanai, and Molokai, but coastal currents can remain considerable over the reefs despite the reduced wave amplitude at the shore . Oahu and Kauai further west sustain an even lower level of wave action. However, the largest nearshore wave might appear hours after the initial arrival at locations from north Hawaii Island to Kauai, wherever wide insular shelves are present.
The modeling of the 2018 event is the first step to assess potential hazards posed by locally generated tsunamis in Hawaii. Additional modeling of tsunamis generated by earthquakes comparable to the 1975 Kalapana event along the southeast shore of Hawaii Island is currently underway. The model results will enable delineation of inundation zones for evacuation planning and maritime hazard maps for harbor operations assessment. PTWC presently utilizes a threshold of M w 7.5 for warning of Hawaii and Maui Islands in the event of a southeast Hawaii Island earthquake. The warning will be extended to the entire state if its gauge network indicates over 3 m of wave amplitude or runup. Rapid determination of faulting parameters from global seismic observations and regional GPS measurements will be valuable to improve the initial magnitude estimate. The three regional levels of potential impact identified in this study will be substantiated by modeling of 1975-type events to provide additional granularity for response planning utilizing a combination of advisory and warning across the state.
